Abstract: The throughput and delay performance of adaptive spreading gain uplink packet transmission in real-time and non-real-time data integrated CDMA networks are analysed under AWGN and Rayleigh fading channels. The processing gain for the non-real-time data is adaptively changed according to the total uplink interference level so that a required signal-to-interference ratio (SIR) can be achieved. The optimum values for the required SIR with regard to maximising the throughput are derived as a function of packet length. The optimised adaptive rate system achieves significantly improved throughput compared to the non-adaptive rate system. In addition, the adaptive rate system achieves almost linear increase in packet delay with traffic density, while the packet delay of the non-adaptive rate system shows an abrupt increase as traffic density increases.
Introduction
The capacity of cellular radio code-division multiple-access (CDMA) systems is limited by the maximum tolerable level of interference received at the cellular base station. In a power controlled system with a fixed data rate, there is a practical limit to the number of users that should not be exceeded in order to guarantee reliable communications. Another problem with the fixed data rate system is that, for a traffic level much lower than the practical number of users, a redundant margin exists at the system capacity.
To overcome these problems and utilise system resource more efficiently, several studies have been made on adaptive transmission according to the channel traffic [1] [2] [3] [4] [5] [6] [7] [8] [9] . In [1] , an adaptive scheme for packet data in a DS-CDMA environment was proposed where the transmission rate is adaptively controlled by measuring the number of consecutive packet successes and failures. In [2] and [3] , adaptive rate transmission schemes have been proposed for CDMA systems where fixed data rate users and variable data rate packet users coexist, and the transmission rate for the variable data rate packet users is controlled according to the interference level in order to decrease blocking probability. In [4] , the throughput-delay performance has been examined on a multi-rate CDMA packet data system and the effects of the load control on the system performance have been analysed. However, a theoretical analysis on throughput-delay characteristics has not been carried out for a variable data rate CDMA packet system with an adaptive transmission algorithm.
The aim of this paper is to theoretically assess the gain of adaptive data rate packet transmission over non-adaptive transmission, in real-time and non-real-time data integrated CDMA networks. An adaptive packet transmission is considered, which changes the processing gain for non-realtime data packets according to the total interference level including AWGN and multi-access interference, in order to achieve a required bit energy which satisfies the required signal-to-interference ratio (SIR). Since processing gain is the number of chips per bit, adaptive processing gain with a fixed chip rate results in adaptive data rate transmission.
Network throughput and packet delay are derived and compared to those for a conventional fixed rate system. The optimum values for a required SIR which achieve the maximum throughput of packet transmission are derived. The throughput of the optimised adaptive rate system is significantly improved compared to the non-adaptive rate system and achieves the envelope of throughput curves of the non-adaptive rate systems with various processing gains. In addition, it is noted that the adaptive rate system achieves an almost linear increase in packet delay with traffic density, while the packet delay of the fixed rate system shows an abrupt increase as traffic density increases.
System model
The system model considered in this paper is a real-time and non-real-time traffic integrated DS-CDMA cellular network. This integrated system consists of a base station and a number of terminals which are allowed to be the source of both real-time and non-real-time traffic. When there are m d non-real-time packet data users and m r real-time users and the received power of each user is perfectly controlled to be P, the total interference PSD (power spectral density) N t is given by
where N 0 is the PSD of the background noise and R c is the chip rate equal to the available bandwidth. The bit energy E b is given by E b ¼ PT b , where T b is the bit duration. Therefore, E b /N t is expressed as follows: For simplicity, a new variable m 0 r is defined, denoting the equivalent number of real-time users which includes the background noise as follows:
where G p is the processing gain equal to R c T b .
Throughput and packet delay
Firstly the network thoughput and the packet delay for the non-adaptive system are derived, and then the proposed adaptive rate system is considered. Finally, the results are straightforwardly extended to the case of Rayleigh fading, based on the same procedure used for the case without fading.
Non-adaptive data rate system (no fading)
Throughput is defined as the average number of successfully transmitted packet data bits per unit time and unit bandwidth. For the fixed rate system, throughput W is given as follows:
where R b denotes the bit rate equal to 1/T b , B is the available system bandwidth equal to R c , and P s is the probability of correctly receiving a packet given as follows:
where N p is the number of data bits in a packet and P b is the bit error probability. Thus, W can be rewritten as follows:
Another important measure used in assessing network performance is packet delay. In order to simplify the analysis, a stop-and-wait ARQ (automatic request) scheme is assumed. Neglecting the effect of queueing; packet delay D is given as follows [5, 6] :
where N p /R b is the transmission time for a single packet and t d is the propagation and processing delay. Substituting (6) into (8), replacing R b by R c /G p and neglecting t d , D(l) is derived as follows:
Adaptive data rate scheme (no fading)
In the considered adaptive transmission scheme the processing gain, i.e. the bit duration, is adaptively changed according to the channel traffic. By changing the bit duration, the bit energy E b is controlled to compensate the variation of the total interference density N t by channel traffic variation, so that E b /N t is maintained to be equal to required SIR, g 0 . From (4), the adaptive bit rate R a can be found, which makes E b /N t be equal to g 0 as follows:
Since E b /N t is maintained to be equal to g 0 , packet success probability is also maintained to be constant as follows:
Using (10) and (11), the throughput and channel delay are calculated as follows:
Substituting (10) and (11) into (8) and neglecting t d , the packet delay for the adaptive scheme is derived as follows:
There is an optimum g 0 which achieves the maximum throughput. It can be obtained by sloving the equation, dW/dg 0 ¼ 0. In order to ease the calculation, the following well known approximation is employed:
Then, the optimum g 0 denoted by g Ã 0 is calculated as follows.
where lambertw (k, x) is the kth branch of the solutions to w exp(w) ¼ x [10] . From (13) it is noted that D is also minimised with g 0 ¼ g
The maximum throughput W * and the minimum packet delay D * for the adaptive scheme are evaluated by substituting (14) into (12) and (13) as follows:
Rayleigh fading
The expressions for throughput and delay under Rayleigh fading can be easily obtained, just by replacing Qð ffiffiffiffiffi 2x p Þ in (7), (9), (12) and (13) with the bit error probability under Rayleigh fading given as follows:
Also, with the same procedure in the previous Subsection, g Ã 0 . W * and D * under Rayleigh fading are calculated as follows:
4 Numerical results Figure 1 shows the throughputs for an adaptive rate system with different g 0 and a fixed rate system with different G p when N p ¼ 1024, R c ¼ 1.2 MHz and m 0 r ¼ 10 without fading. For the fixed rate system, there is an optimum number of non-real-time packet data users for each G p due to the trade-off between the number of users and the packet success probability. On the other hand, the adaptive transmission scheme achieves increasing throughput as the number of time packet data users increase. It is also noted that the adaptive rate system with g 0 ¼ g Ã 0 has significantly improved throughputs compared to those of the fixed rate system. While the optimum G p of the fixed rate system varies according to m d , the optimum g 0 of the adaptive rate scheme maintains the maximum throughput throughout the range of m d . Figure 2 shows the case of Rayleigh fading with the same simulation parameters as Fig. 1 . Although there is a big difference in the throughputs between the case without fading and the case under Rayleigh fading, it is found that there is the same trend in the improvement of the adaptive system over the non-adaptive system.
It can be seen from (14) that the optimum required SIR g In Fig. 4 , the packet delays are shown for both systems with the same system parameters as before. Whereas the packet delays in the case of the fixed rate system abruptly increase as the traffic density increases, the adaptive rate system achieves a channel delay which linearly increases as the channel traffic density increases in accordance with (13). This is due to the fact that in the adaptive rate system, packet success probability P s is maintained irrespective of m d and the bit duration is proportional to m d þ m 0 r as shown in (10) . Thus, the average packet delay becomes asymptotically proportional to the traffic density. Again, we can find similar trends in Fig. 5 which shows the packet delays for the case of Rayleigh fading, with the same system parameters as before. In addition to the improvement of throughput performance, the adaptive rate system acheives the optimum performance in terms of packet delay. From Figs. 1, 2, 4 and 5, it is also found that the optimum g 0 simultaneously achieves the maximum throughput and the minimum delay.
Conclusions
It has been shown that the adaptive rate system with the optimum required SIR has significantly improved throughputs compared to those of the fixed rate system. While there exists an optimum number of non-real-time data users for the fixed rate system to achieve the maximum throughput, the throughput of the adaptive data rate system increases as the number of non-real-time data users increases. Also, the adaptive rate system achieves traffic-density-proportional packet delay while the packet delay of the fixed rate system abruptly increases as the traffic density increases. Another significant result is that the optimum required SIR for Rayleigh fading consistently increases on a large scale as the packet length increases, while the optimum required SIR for no fading shows relatively small changes over a wide range of packet length. A large amount of throughput improvement and almost linear increase in channel delay as traffic density increases in the adaptive data rate scheme implies that the adaptive scheme will play an important role in increasing the capacity of future mobile cellular systems.
Acknowledgment
This research was funded by a Yeungnam University research grant. 
